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Dependence of sensitivity on pressure in He, N,, and H, has been investigated for a group of 16
hot-cathode ionization gauges, representing both extractor and Bayard—-Alpert types, for total
pressure as low as 5X 10~ ® Pa. Absolute sensitivities were determined using a primary high
vacuum standard. An independent method, that of measuring the sensitivity ratio of one gauge to
another, was also employed. Within a scatter of about + 3%, + 4%, and + 4% respectively, the
N, , He, and H, sensitivity ratio data showed no clearly discernible pressure dependence down to
total pressures as small as 5 X 10 ~ ® Pa. The absolute sensitivity measurements in He and N, over
the range 10~ 7 to 10 ~ 3 Pa in total pressure, also were constant within a scatter of about + 4%
and + 3%, respectively. As a consequence of drift in the background component of the total
pressure, all the absolute sensitivity measurements at total pressures below 10~ Pa exhibited an
apparent pressure dependence not evident in the sensitivity ratio results. In the case of H,, drift in
the pressure persisted at total pressures orders of magnitude larger than the background pressure,
and for all the gauges led to an apparent difference of approximately 10% between the H,
sensitivities at 10~ % and 10> Pa. Results of further investigation suggest that the apparent
pressure dependence in the sensitivities is an artifact produced by the well-known phenomenon of
thermal dissociation of H, at hot filaments and associated processes of H, pumping and

production of other species such as CO and C,H,.

I. INTRODUCTION

The hot-cathode ionization gauge is the most widely and
frequently used high vacuum and ultrahigh vacuum (UHV)
measuring instrument. In this device, a regulated current of
electrons emitted from a hot cathode (filament) is acceler-
ated through a potential difference of typically 100 V main-
tained in the gauge structure. Some fraction of the flux of
energetic electrons will ionize gas phase molecules before the
electrons are captured at the accelerating grid. The positive
ions are attracted to a collector where most of them are cap-
tured, creating a positive collector current. In accordance
with simple physical modeling of the gauge, the collector
current 7, may be expressed as

Ic=Ir+IezSiPi’ (1)

where I, is the electron emission current, P; is the partial
pressure of gas species 7, .S; is the gauge’s sensitivity for spe-
cies 7, and I, is a residual current' due to processes other
than electron impact ionization of the gas. The pressure val-
ue displayed by a commercial ionization gauge controller is
proportional to this collector current .. Thus, the displayed
pressure value depends on the sensitivity values S; of the
particular gauge head in use with the controller.

The sensitivity S; defined in Eq. (1) is the coefficient
which relates ion current developed from gas species i to the
gauge’s emission current and to the partial pressure of that
species. Sensitivity has units of reciprocal pressure and in
general, depends on the gauge’s geometry and operating pa-
rameters (emission current and bias voltages) as well as the
gas species and absolute gas temperature. For most UBV
hot-cathode ionization gauges under normal operating con-
ditions, the sensitivity also depends on pressure for total
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pressures greater than about 10~ 2 Pa, as a result of mean
free path and space charge effects.

As the total pressure is decreased below about 10 =2 Pa,
the sensitivities in Eq. (1) are expected to become pressure
independent. For He, N,, and Ar this behavior has been
confirmed down to 10~ % Pa by a large body of ion gauge
calibration data from standards laboratories, including this
one.>® However, for pressures below 10 ~ ¢ Pa there are rela-
tively few published investigations of ion gauge sensitivity.”
12 This is due in part to the small number of UHV standards
and the difficulty and expense of realizing such standards.
Consequently, in almost all cases, pressure measurements
with an ionization gauge in the UHV region below 10 ~ ¢ Pa
are based on a linear extrapolation of gauge response deter-
mined at higher pressures. The possibility of pressure depen-
dence in the sensitivity below 10 ~ ¢ Pa is thus of interest. The
present investigation was undertaken with the principal ob-
ject of examining a group of commonly used ion gauges of
both the extractor type (EXG) and the Bayard—Alpert type
(BAG) for pressure-dependent sensitivity in the UHV re-
gion.

Il. APPARATUS
A. Primary high vacuum standard

The 27 cm diam X 68 cm long stainless steel chamber of
the NIST orifice-flow primary high vacuum standard'** is
shown schematically in Fig. 1. A partition separates the
chamber into two approximately equal volumes, designated
the “upper” chamber and the “lower” chamber. The upper
and lower chambers may communicate either through a 13
cm diam hole in this partition or, through a 1.1 cm diam
orifice in a movable plate which seals against a liquid gal-
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FiG. 1. Schematic diagram of vacuum chamber of the primary standard.
The orifice plate is shown in the down position, in which the upper and
lower chambers communicate through the 1.1 cm diam orifice.

lium-filled groove in the partition, as shown in Fig. 1. The
turbomolecular pump (TMP) has a nominal pumping speed
of 0.5 m® s~ ! for N, and is backed by a rotary vane pump
with a nominal N, pumping speed of 0.003 m*s ~'. Relative
to the background pressure, the changes in the upper and
lower chamber pressures generated with this apparatus are
determined by the orifice conductance, the flow of test gas
through the system, and the effective TMP speed. These
quantities are all caiculated or experimentally determined.
As detailed in Ref. 13, this apparatus can be operated as a
standard in two configurations. In configuration I, the test
gas is introduced into the upper chamber via inlet A, and the
movable orifice plate is in its “down” position (as shown in
Fig. 1), so that the upper and lower chambers communicate
through the 1.1 cm diam orifice. The resulting pressure
change AP, in the upper chamber is given in terms of the gas
throughput Q and the conductance C of the orifice by

AP, = (Q/C)[R,/(R, — 1], (2)

where R, =AP, /AP, is the ratio of the corresponding pres-
sure changes in the upper and lower chambers. The value of
the pressure ratio R, is determined experimentally, using a
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throughput sufficiently large (Q@>4X 10~ °*Pam’s~!) that
both the upper and lower chamber pressures can be accu-
rately measured with a molecular drag gauge (MDG).'®!7
For this system R, has a value of about 27 for N, . For con-
figuration I, total systematic error in the generated pressure
step in the upper chamber ranges from 1.0% at 10~ ° Pa to
about 1.7% at 10 ~! Pa. Increasing uncertainty in the mea-
surement of smaller and smaller flows Q sets a practical low-
er limit of roughly 10 ~ 7 Pa for the working pressure range in
configuration 1.

Configuration II extends the useful working range of the
apparatus down to about 10 ~ ® Pa by allowing a larger, more
accurately measureable flow to be used to produce a given
size pressure step. Pressures generated in this configuration
are usually kept smaller than about 10 ~° Pa. In this configu-
ration, the test gas is introduced via inlet B into the lower
chamber. There is consequently no net flow of gas between
the upper and lower chambers, and the pressure changes in
the upper and lower chambers will be very nearly equal,
independently of whether the orifice plate is in its “up” or
down position. However, except for the absolute N, sensitiv-
ity measurements, the orifice plate was in its up position (13
cm diam conductance) in configuration II because it result-
edin alower background pressure in the upper chamber (see
Sec. III A). Compared with the pressure change produced
by a given flow in configuration I, the pressure change in
configuration II is about a factor of C /.S smaller, where Cis
the conductance of the 1.1 cm diam orifice, and S is the
effective speed with which the chamber is pumped by the
TMP. The exact value of this factor is called the flow ratio R,
where R,=Q, (AP,)/Q, (AP,) is the ratio of throughputs
into upper chamber (configuration I) and lower chamber
(configuration II) required to produce the same pressure
change in the upper chamber. Just as for R, the value of the
flow ratio R is experimentally determined. Thus, for config-
uration II the calculation for the pressure change in the up-
per chamber becomes'?

AP, = (Q/C)[R,/(R, — 1)]R,. (3)

Ton gauge calibrations at the National Institute of Standards
and Technology (NIST) have demonstrated that the tech-
nique represented by Eq. (3) consistently produces results
which agree within a few tenths of a percent with those ob-
tained with flow into the upper chamber. In configuration I,
estimated total systematic uncertainty ranges from 3.7% at
10 ~7 Pa to about 2.5% at 10~ ° Pa. As discussed in subse-
quent sections, additional sources of error in the calibrations
arise when the gauges themselves change the total pressure
and composition of the gas.

In the nonstandard configuration III (not described in
Ref. 13) the test gas is introduced through the vent port on
the TMP (inlet C of Fig. 1). Thus, the gas reaches the
chamber only by backscattering through the pump. Since
there is no net fiow of gas anywhere in the chamber, this
configuration is expected to yield the most uniform pressure
distribution. By controlling the flow of gas to inlet C so that
the TMP outlet pressure never exceeded about 0.1 Pa, the
H, pressure in the chamber could be varied from back-
ground value to a maximum of about 5 X 10 ~* Pa. Similarly
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for He, the chamber pressure could be varied from zero up to
amaximum of about 2 X 10 ~ > Pa. N, was not used in config-
uration III because the pump’s large compression ratio
(10%) for N, limited the maximum N, pressure in the
chamber to about 10 ~° Pa.

B. The gauges

Sixteen ionization gauges (see Table I) were studied in
this work: one glass-tubulated dual tungsten-filament BAG,
eleven nude dual-filament BAGs which fell into six groups
with respect to details of materials and construction, three
nominally identical EXGs, and one modulated EXG which
was however, used without ion current demodulation. In
addition, a quadrupole partial pressure analyzer (PPA) was
mounted on the upper chamber. All gauges were attached to
the chamber (Fig. 1) with metal-gasketed flanges: twelve
gauges at locations near the midplane of the upper chamber
and four gauges at locations near the midplane of the lower
chamber. Absolute sensitivity of the four gauges mounted in
the lower chamber could be determined only in configura-
tion II of the system (see Sec. II A above). Elbows and tees
were used where necessary to prevent any line-of-sight path
between the gauges.

Bias voltages were set at the nominal values indicated by
the vendor, and emission currents were set at 1 mA or at the
value specified by the vendor. All but two of the gauges were
operated with NIST-designed controllers which held bias
voltages stable to within + 0.01 V and emission currents
constant to within + 0.005 mA. Collector currents were
measured with an uncertainty of less than 3% using calibra-
ted electrometers. Current measurements on adjacent elec-
trometer ranges agreed to better than + 1%.

1. PROCEDURES
A. Bakeout

After the ion gauges were installed, the chamber was evac-
uated and baked for 8 h at 250 °C while being purged with
argon gas at about 10 ~* Pa. The gauges were operated at
their normal bias voltages and emission currents during the
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bakeout, but no other degassing procedures were used. From
extractor gauge measurements and data obtained with the
PPA mounted on the upper chamber, the post-bake H, par-
tial pressure with all sixteen gauges in operation was estimat-
ed to be about 5 X 10 ~  Pa and to constitute roughly 90% of
the total base pressure when the upper chamber was pumped
through the 13 cm diam hole. When pumped through the 1.1
cm diam orifice, the upper chamber base pressure was a fac-
tor of 6 to 9 higher.

B. Drift in the background pressure P°

Whenever the conductance between the upper and lower
chambers was changed from the 1.1 cm diam orifice to the 13
c¢m diam hole, or vice versa, the time required for the upper
and lower chamber base pressures to reach new steady-state
values was much longer than expected, considering the con-
ductances involved and the TMP speed. The time rate of
change of the ion gauge collector currents I, was used to
judge how close the base pressure was to equilibrium. The
very long times required to reach a new equilibrium base
pressure are believed to result from pumping and evolution
of background gases by the gauges themselves.

Within approximately 3 h after changing from the 13 cm
diam conductance to the 1.1 ¢cm diam orifice, the rate of
approach of upper chamber gauge collector currents to new
equilibrium values had slowed to a value equivalent to a rate
of increase of H, pressure of about 2 10 "* Pah~! or less.
For the sensitivity measurements obtained for AP> 10~ ¢Pa
in configuration I, the error introduced by this rate of drift
was negligible. On the other hand, for measurements made
for AP<10~7 Pa (configuration II), it was eventually
found necessary (see discussion of N, resultsin Sec. IV A 2)
to wait several days after changing the conductance for the
rate of change of base pressure currents to become small
enough for reliable sensitivity determinations.

The first measurements made in this work were those in
N,, and the problem of background pressure drift was not
fully appreciated at this time. Examination of the very low
pressure N, sensitivity results with respect to the time delay

TABLE 1. Operating parameters and materials information for the 16 gauges studied in this work.

Type Filament Grid
No. of Grid Filament bias bias 1,
gauges gauge material material V) V) (mA) Vendor
4 BAG, nude Pt-Ir w 45 175 1.00 A
1 BAG, nude Pt-Ir w 30 187 1.00 A
1 BAG, nude e Th-Ir* 30 180 1.00 C
2 BAG, nude Ta w 30 180 1.00 B
2 BAG, nude Mo w 50 200 1.00 D
1 BAG, nude w w 50 150 1.00 E
(variable diam grid)
1 BAG w w 31 184 1.00 F
(glass tubulated)
3 Extractor Mo Th-Ir* 100 220 1.30 G
1 Modulated Extractor Mo Th-Rh® 60 240 2.00 J

2 Thoria-coated iridium.
*Thoria-coated rhenium.
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since the change from the 13 cm diam conductance to the 1.1
cm diam orifice, showed a correlation between the length of
this time interval and the deviation of the sensitivity mea-
surements from the average sensitivity. Analysis of the effect
expected from a base pressure drifting linearly with time
shows the difference between the apparent (measured) and
a (assumed) constant sensitivity to be proportional to the
time delay between the measurement of I and 7, and in-
versely proportional to the the test gas pressure step.

C. Absolute sensitivity determinations

A gauge’s sensitivity S; to gas species / was determined by
measuring the change AI, = I, — I; in the gauge’s collector
current I, resulting from a change in pressure AP, of the test
gas, where I ; is the gauge’s collector current before the in-
troduction of any test gas. Assuming that the residual cur-
rent I, remains constant, as well as the partial pressures of all
gas components except i, Eq. (1) yields

. —12)

=S.(P: AP.
LAP, i(Pi+AF)

(Si(P?JrAPi) —S,-(P;’)) .
+ P;,
AP,

where S;(P; + AP,) and S;(P?) are the sensitivity to gas
species i at pressure P; + AP, and P}, respectively. The ab-
solute sensitivities reported in this work were calculated us-
ing the left hand side of Eq. (4), where the test gas pressure
change AP, is that determined from the operating param-
eters of the primary standard, as outlined in Sec. II. A. When
P; =0 (the case for He and N, ), then the left hand side of
Eq. (4) gives the sensitivity S'at P = AP, even when S has a
pressure dependence. However, Py #0 because the back-
ground is mostly H, . In this case, pressure dependence in the
sensitivity will cause the left hand side of Eq. (4) to differ
from the true sensitivity, as defined in Eq. (1), by a small

J

(4)

(Ic—IZ)a _ (Ie)a[St(APx+P?)(APl+P7) _SI(P?)P?]a +Ea
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amount which may be significant only when AP is compara-
ble to or smaller than Py, .

Each data set began with reading the collector currents 7 |
at base pressure. Next, a steady flow of test gas was estab-
lished. When all gauge readings became stable, the flow was
measured. During the 20 min required for the flow measure-
ment, the collector current I, for each gauge was sampled
70-200 times with a computer-controlled electrometer, just
as for the 7] measurements. The data were checked for sta-
bility with time and for each gauge an average value of I
and I, was computed from the multiple measurements. Be-
cause it would have greatly increased the amount of time and
labor to obtain the data, the background signals I ; were not
remeasured between each subsequent test gas pressure incre-
ment. In general, the data were always obtained in a se-
quence of increasing steps in the test gas pressure. This pro-
cedure minimized the time delay between measurement of
the background /; and measurement of the signal change
AI_ corresponding to the smallest test gas pressure incre-
ment.

It should be kept in mind that the absolute sensitivity re-
sults will depend upon the behaviour of both the gauges and
the primary standard. As mentioned above for example,
drifts in the background pressure will cause errors in the
value determined for Al.. For this reason, evaluation of the
sources of any systematic error in the sensitivity measure-
ments requires data obtained simultaneously for a group of
gauges of several types, as well as data obtained by other
techniques.

D. Sensitivity ratio determinations

Consider two gauges, gauge a and gauge b, simultaneously
exposed to the same pressure step AP of a single-component
test gas i. From Eq. (1), the ratio R of their corresponding
collector current changes is

where S;(AP; + P}) and S;(P;) are the sensitivity to gas
species i at pressure AP, + P} and P;, respectively. The
terms E, = [fj ].At and E, = [I,],At represent the ef-
fect of an assumed linear drift in the background level over
the time interval At between measurement of 7 and I,.
Since the emission current for each gauge is held constant,
determining the value of this ratio serves as a way to investi-
gate pressure dependence in the ratio of their sensitivities,
independently of the primary standard. Deviation from con-
stant sensitivity response in either or both of the gauges will
be evident as a pressure dependence in the value of R, except
in the special case in which both gauges exhibit the same
functional dependence of sensitivity on pressure. Because
the absolute value of the pressure change is not needed for
this method, the data were obtained four to five times more
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(I, —I2), (L), [S:(AP, + P)(AP, + P%) — S,(P)P!], + E,

(3)

r

quickly than was the case for the absolute sensitivity deter-
minations (Sec. III C). Consequently, error in the measure-
ment of (I, — I7) asaresult of drift in the background pres-
sure, was greatly reduced because of the much shorter time
delay between measurement of I, and I ;.

One of the three extractor gauges was arbitrarily selected
toserve as gauge b (the reference gauge) in Eq. (5). Gaugea
represents each of the other fifteen gauges. For the ratio
measurements in He and H,, the gas was introduced
through the vent port on the TMP (inlet C of Fig. 1). In the
case of N,, the gas was introduced via inlet B in the lower
chamber. In either case, the upper and lower chamber
gauges all simultaneously experienced the same test gas pres-
sure changes, to within a few tenths of a percent. The value of
R was computed from the left hand side of Eq. (5), using
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only simultaneously measured values of (Al,), and (Al,),.
Collector current measurements were made only after their
values had become time independent or were changing lin-
early with time over the time interval (about 3 min) of the
measurements. Starting with pressure steps as small as
6% 10~ ° Pa, the pressure change AP was varied so that the
total pressure went from the base vacuum value P° of about
5x 10~ % Pa (AP=0), to as high as P°+ AP = 10" Pa.
For each of the gases, at least two data sets in overlapping
pressure ranges were obtained over a period of two days.

IV. RESULTS
A. Nitrogen gas
1. Absolute sensitivities for N,

Ten independent sets of absolute N, sensitivity measure-
ments were made for 14 of the test gauges over a period of
two months. Measurements for test gas pressure increments
AP(N,), between 1 X 10~ 7" Paand 2 10~ 3 Pa, were used
to calculate an arithmetic average sensitivity S for each
gauge. The values are given in column 5 of Table II. As an
indication of repeatability of the absolute sensitivity mea-
surements, note that for each gauge the sample standard de-
viation about the mean was 1.5% or less. For each gauge the
deviations AS(% ), of the individual measurements from the
average value for that gauge are plotted in Fig. 2(a) as a
function of the N, pressure change AP. With one exception,
discussed below, data for individual gauges are not identified
in Fig. 2 because the different gauges did not show different
systematic trends with pressure. Figure 2(a) displays results
obtained with flow into the lower chamber via inlet B, as well

as results obtained for flow into the upper chamber via inlet
A. However, in both cases for these results in N,, the upper
and lower chambers communicated through the 1.1 cm
diam orifice. The deviations plotted in Fig. 2(a) indicate
that with one exception, each gauge independently of its type
(EXG or BAG) and details of its materials and geometry,
has a constant sensitivity response for N, to within + 3%
for pressure changes as small as 5% 10~ Pa.

As shown in Fig. 2(a) for AP below 5 10~ 2 Pa, the AS
results of all the gauges show a systematic increase with de-
creasing size of the test gas pressure step, as well as a larger
scatter in the values. It is believed that this systematic trend
is not due to an increase in gauge sensitivity for these very
small pressures steps, but rather that it is an artifact pro-
duced by a background pressure which was slowly increas-
ing. Changes in collector current caused by a drift in P° can-
not be distinguished from those caused by introduction of
the test gas. Such drift leads to errors in the calculated sensi-
tivities (see H, Sec. IV C 1 below, also). Thus, stability in
the background pressure becomes critical to good calibra-
tions whenever AP is comparable to or smaller than P°. The
vertical reference lines in Fig. 2 indicate values of AP(N,)
which are equivalent to the base vacuum collector current / ;
of upper chamber gauge No. 14: the dashed line corresponds
to the case in which the upper and lower chambers commu-
nicate through the 1.1 cm diam orifice, and the dotted line
corresponds to the 13 cm diam hole. For AP<5X 1078 Pa
the increased scatter in the results is attributed to the in-
creasing significance of noise in the measurement of the cor-
responding current changes AJ,.

Although it was not the principal focus of this work, it is

TABLE II. Average N, sensitivities, and sensitivities in He and H, relative to N,, determined for the 16 gauges studied in this work.

Vendor Measured
specified
Gauge Gauge SN, ] S[N;]
Type Vendor no. (Pa—") (Pa~") S[Hel/S[N,]  S,[H.]/S[N,]
Nude A 1 0.19 0.228 0.157 0.400
BAG A 3 0.19 0.181 0.154 0.389
A 5 0.19 0.174 0.164 0.395
A 7 0.19 0.190 0.165 0.380
A? 16 0.19 0.166 0.372
B 6 0.19 0.175 0.172 0.374
B 9 0.19 0.156 0.168 0.373
e 4 0.075 0.090 0.173 0.363
D 8 0.19 0.177 0.161 0.375
D 11 0.19 0.103 0.175 0.407
Nude E 2 0.038 0.067 0.157 0.444
BAG
Tub. F 15 0.075 0.180 0.395
BAG
EXG G 14 0.050 0.064 0.189 0.408
G 13 0.050 0.059 0.183 0.411
G 12 0.050 0.065 0.180 0.396
Mod. J 10 0.056 0.032 0.181 0.350
EXG

*Gauge was operated with a commercial controller. Sensitivity ratios were obtained from ratios of experimentally determined calibration factors for the

controller display.
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FIG. 2. Sensitivity results in N, : (a) Deviation of individual absolute sensi-
tivity determinations from average absolute sensitivity S [N, ], for each of
14 of the test gauges; (b) Ratio of change in collector current for 15 of the
test gauges to the corresponding change in the reference gauge collector
current (reference gauge = gauge No. 14), expressed as a % deviation from
the average ratio for each gauge. The dashed and dotted vertical reference
lines indicate the values of AP(N, ) which are equal to the N, pressure
equivalent to the base vacuum collector current I of upper chamber gauge
No. 14 for the case in which the upper and lower chambers communicate
through the 1.1 cm diam orifice or the 13 cm diam hole, respectively.

worth pointing out that at the highest N, pressures the re-
sponse of one of the BAGs [gauge No. 1 in Table II; data
identified by * in Fig. 2(a) ] became nonlinear above about
10~ ° Pa. Gauges No. 3, 5, and 7, nominally identical to this
one, did not show a nonlinear response in N, until the pres-
sure was two orders of magnitude higher. BAG No. 1 also
demonstrated a N, sensitivity about 25% higher than the
other three gauges of the same type. Within a range of about
+ 4%, all four of these gauges showed the same He/N, or
H, /N, sensitivity ratios (see Table II). While this nonlin-
earity at higher pressures is expected, it is not usually seen in
BAGsin N, unless the pressure exceeds about 10 ~ > Pa. The
behavior of this gauge illustrates the danger in assuming that
a randomly selected gauge of this type will have a linear N,
response provided that the pressure is below about 10 ~* Pa.
At pressures greater than about 10 ~* Pa, the onset of this
high pressure nonlinearity is evident in the rest of the gauges.
The large spread in values at 10 ~ 2 Pa is not due to increased
scatter in the data. It results from the fact that as the pressure
is made larger and larger, the onset of nonlinearity in some
gauges manifests itself by an increase in sensitivity, while for
other gauges the sensitivity simply decreases as the pressure
is increased.

J. Vac. Sci. Technol. A, Vol. 9, No. 5, Sep/Oct 1991

2. Sensitivily ratio determinations in N,

Sensitivity ratios in N, were determined for 15 gauges. As
pointed out in Sec. III D., the ratio values will be affected
much less than the absolute sensitivity results by drift in the
background pressure. Even so, the base pressure was al-
lowed to stabilize for more than 24 h before starting these
ratio measurements. These ratio data were analyzed in the
same manner as the absolute sensitivity data, viz., an arith-
metic average value R was computed from the individual
ratio values as defined in Eq. (5) for each gauge relative to
the reference gauge. An extractor gauge (gauge No. 14, Ta-
ble IT) mounted on the upper chamber was used as the refer-
ence gauge in this work. Deviations AR(%) from that aver-
age were then computed for each ratio value, where
AR = 100(R — R)/R. For these ratio measurements, the
gas was admitted via inlet B in the lower chamber, and the
upper and lower chambers communicated via the 13 cm
diam conductance. Individually, the data for the ratio of
each gauge’s N, sensitivity to the N, sensitivity of the refer-
ence gauge showed no pressure dependence within a scatter
of about + 3%. For this reason, the data for all the gauges
are shown in Fig. 2(b) without identifying the data belong-
ing to any particular gauge. The average absolute N, sensi-
tivity for the reference gauge (value in Table II) was used to
determine the pressure coordinates for the plot of these ratio
data.

Over the interval 5X 102 Pa to 2X 10 ~° Pa the ratio
data confirm the pressure independent sensitivity indicated
by the results shown in Fig. 2(a). In contrast to the corre-
sponding absolute sensitivity measurements in shown Fig.
2(a), the ratio data shown in Fig. 2(b) also show no pressure
dependence below 5 X 10 ~ 8 Pa. Since the results obtained by
the ratio method are much less influenced by drift in the
background pressure P°, the agreement between the two
methods strongly suggests that the apparent pressure depen-
dence of absolute sensitivity values at low pressures is an
artifact.

B. Helium gas
1. Absolute sensitivities in helium

Seven independent sets of absolute He sensitivity mea-
surements were made for 14 of the gauges over a period of
two months. For each upper chamber gauge an average sen-
sitivity S was calculated from the data obtained at pressures
above 3 10~ ® Pa; for lower chamber gauges, the average
sensitivity was determined from the data obtained below
3% 10 ~® Pa. Column 6 of Table II gives, for each gauge, the
ratio of its average He sensitivity to its corresponding aver-
age N, sensitivity. The deviations AS(%) of the individual
measurements from a gauge’s average sensitivity are plotted
in Fig. 3(a) as a function of the He pressure change AP
above the base pressure P°. The vertical reference lines in Fig.
3 indicate the values of AP(He) which are equivalent to the
base pressure collector current I, of upper chamber gauge
No. 14: the dashed line corresponds to the case in which the
upper and lower chambers communicate through the 1.1 cm
diam orifice, and the dotted line corresponds to the 13 cm
diam hole. With regard to these absolute He sensitivity mea-
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FIG. 3. Sensitivity results in He: (a) Deviation of individual absolute sensi-
tivity determinations from average absolute sensitivity S[He] for each of 14
of the test gauges; (b) Ratio of change in collector current for 15 of the test
gauges to the corresponding change in the reference gauge collector current
(reference gauge == gauge No. 13), expressed as a % deviation from the
average ratio for each gauge. The dashed and dotted vertical reference lines
indicate the values of AP(He) which are equal to the He pressure equivalent
to base pressure collector current J; of upper chamber gauge No. 14, and

correspond to the cases in which the upper and lower chambers communi-
cate through the 1.1 cm diam orifice or the 13 cm diam hole, respectively.

surements shown in Fig. 3 (a) three things should be noticed.
First, even for the smallest pressure changes (AP <10~ 7
Pa), there is no indication of a systematic pressure depen-
dence in S. This is not immediately obvious from Fig. 3(a)
because data for individual gauges (except one) are not dis-
tinguished. However, separate examination of the data for
each gauge shows no repeatable pressure dependence in the
Svalues. When the background pressure was slowly increas-
ing (I >>0) the AS values obtained for AP below about
10~ ¢ Pa tended to be positive and to increase in magnitude
as AP was made smaller. (This observation is consistent
with the same behavior seen in the N, data, where 1 >0).
Conversely, when the base pressure was decreasing (I <0)
the AS values tended to be negative and again to become
larger in magnitude for decreasing size of AP. These observa-
tions are fully consistent with the effects expected from a
drifting base pressure and are believed to be due to nothing
more than the effects of a drifting base pressure. The lowest
pressure helium results appear to differ from the lowest pres-
sure N, results only because Fig. 3(a) includes data for both
cases, background increasing and background decreasing.
Second, significant scatter ( >5%) is evident in the He
sensitivity results up to a higher pressure (AP about 10~
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Pa) than in the N, results. This increased scatter in the He
results is attributed to the gauges’ lower He sensitivity
(about 1/6 that for N, —see Table II). For the same size of
pressure step AP random error in the current measurements
will produce a larger scatter for Al, in He thanin N,.

Third, all the way up to the high end of the investigated
pressure range (6X 10 ~* Pa), there is no evidence of nonlin-
ear behavior in any of the gauges, including the one BAG
(gauge No. 1 of Table IT) which did show a nonlinear re-
sponse in N, above 10~ ° Pa [data identified by * in both
Figs. 2(a) and 3(a)]. The sensitivity data for this particular
gauge are as reproducible as any of the other gauges and
indicate a pressure independent He sensitivity. (The rela-
tively unusual behavior of this gauge in N, may arise from
some unrecognized feature of its geometry, although there
was nothing obviously unusual about it. This behavior was
not studied further, however.)

2. Sensitivity ratio determinations in helium

Sensitivity ratios in He were determined for 15 gauges.
The reference gauge was an extractor gauge (gauge No. 13 of
Table II) mounted on the upper chamber (not the same
EXG as used in the ratio measurements in N,, however).
The gas was admitted via the TMP vent port (inlet C) and
the upper and lower chambers communicated through the
13 cm diam conductance. The data analysis was the same as
that applied to the N, data. Data for all 15 gauges are shown
in Fig. 3(b) without identifying individual gauges, since
none of the data exhibited any clear pressure dependence,
within a scatter of about + 4%. The reference gauge’s aver-
age absolute He sensitivity (value in Table II) was used to
determine the pressure coordinates for the ratio data plotted
in Fig. 3(a). Over the interval of these measurements
(810~ % Pa to 2 X 10~ Pa), these ratio data confirm the
constant sensitivity behavior indicated by the corresponding
absolute sensitivity measurements shown in Fig. 3(a).

C. Hydrogen gas
1. Absolute sensitivity determinations in H,

On each of four days during a one week period, an inde-
pendent set of absolute sensitivity measurements in H, was
made for 14 of the gauges. The gas was admitted via inlet B
and the upper and lower chambers communicated via the 13
cm diam conductance. The results of these four data sets,
identified by plotting symbols X, 0, +, and * are shown in
Fig. 4(a). Data for individual gauges are not identified since
they all exhibited the same systematic behavior. The dotted
vertical reference lines in Fig. 4 indicate the values of
AP(H, ) which are equal to the H, pressure equivalent of the
base pressure collector current I of upper chamber gauge
No. 14.

These sensitivity measurements turned out to be both
problematic and instructive. As in the case of N, and He,
there were uncertainties introduced into the measurements
of AI, at very small AP(H, ) because of drifting base pres-
sure P° (see discussion in Secs. IVA 1 and IV B 1). How-
ever, in addition to this, and unlike the case for N, and He,
whenever the H, flow to the chamber was changed from one
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F1G. 4. Sensitivity results in H,: (a) Deviation of individual absolute sensi-
tivity determinations for each of 14 of the test gauges from the value
So [H; ] determined for that gauge at 3X 10 ~ * Pa on day X. Plotting sym-
bols X, 0, + ,and *in (a) identify results obtained on each of four days. (b)
Ratio of change in collector current to the corresponding change in the
reference gauge collector current (reference gauge = gauge No. 14) for 15
of the test gauges, expressed as a % deviation from the average ratio for each
gauge; The results shown in (b) were obtained over a two-day period. (c¢)
Alternate analysis of the (a) data, using the method employed in (b). The
dotted vertical reference lines indicate the values of AP(H,) which are

equal to the H, pressure equivalent to the base pressure collector current I °
of upper chamber gauge No. 14.

constant value to another, the ion gauges’ collector currents
did rot promptly assume new values corresponding to the
new value of the flow. Instead, the changes A, asymptoti-
cally approached new values. This effect was significant even
when the H, flow was large enough that AP(H, ) > P°. At
very small flows (corresponding to very small pressure in-
crements 10 ~® Pa<AP(H, )<10~7 Pa), the ion gauge col-
lector currents would continue to change for many hours.
Faced with this difficulty, the following practice was adopt-
ed: the H, flow was always changed in a sequence of increas-
ing steps and measurements of A, were performed after
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waiting about 1/2 hour after each change in the flow. It was
usually (but not always) found that after 1/2 hour delay, the
collector currents were increasing at a rate <2% per hour.
For large flows, corresponding to AP(H,)>10~" Pa, the
collector currents became time independent and the sensitiv-
ity values became pressure independent after approximately
1/2 hour delay. For this reason, the absolute sensitivity re-
sults for each gauge are expressed in terms of their deviations
AS(%) from the sensitivity value .S, [ H, ] determined at the
highest H, pressure (3 X 10 ~° Pa of data set .X), rather than
as deviations from the average sensitivity. The S, values,
expressed as a ratio to each gauge’s average N, sensitivity
S [N ] are given in column 7 of Table II.

There is an apparent pressure dependence in these results,
with the values at 10 ~° Pa being about 10% larger than at
10— 2 Pa. However, as pointed out above, the size of the
deviation (S — S, ) also depended on the time delay between
a change in H, flow and measurement of the corresponding
change Al in collector current. This time dependence in the
collector currents immediately raised questions: (1) To
what extent was it due to a real time dependent sensitiv-
ity?'®; (2) To what extent was it caused by a time-dependent
pressure as a result of (a) pumping of H, by adsorption'® on
the 0.8 m? surface area of the vacuum chamber, (b) pump-
ing of H, by thermal dissociation of H, at the surface of the
hot filaments,?>>* (c) pumping of H, by dissociative elec-
tron impact excitation,>>?® and (d) production of H, O, CO,
and CO, and hydrocarbons (CH,, C,H,) via reactions of
H, with C and O in the hot filament material? In connection
with questions (2) (b), (2)(c), and (2) (d) it should be not-
ed that the time dependence of the collector currents did
depend upon the number of gauges in operation. Additional
experimentation with these gauges and a quadrupole partial
pressure analyzer was carried out in an attempt to assess the
relative importance of the physical processes listed above.
The results of this additional work, to be described in a later
publication, indicate that the time dependence of the cur-
rents was in fact due to a time-dependent total pressure
caused by pumping of H, by thermal dissociation at the hot
filaments, and an associated production of other species
(primarily CO + C,H,,) via chemical reactions of H, with
the material of the hot filaments. These results strongly sug-
gest that the gauge property sensitivity as defined in Eq. (1),
is independent of pressure and time in H,, as well as in N,
and He, over the pressure range investigated in this work.

2. Sensitivity ratio determinations in H,

Sensitivity ratios in H, were determined for 15 gauges.
The reference gauge was the same upper chamber EXG
(gauge No. 14) as used for the sensitivity ratio measure-
ments in N,. The 13 cm diam conductance was used and the
gas was admitted via the TMP vent port (inlet C). The mag-
nitude of AP(H, ) ranged from about 0.1 X P° to 1000 X P°.
The data analysis was the same as that applied in the case of
N, and He. As the ratio data exhibited no repeatable pres-
sure dependence over the interval 3 10~ 2 Pa<AP(H,)
<3107 ¢ Pa, an average ratio R was calculated for this
AP(H,) range. The results for all 15 gauges are shown in
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Fig. 4(b), without identifying individual gauges. The abscis-
sa for each ratio value plotted in Fig. 4(b) was determined
from the absolute sensitivity value S, [H, ], (Table II) de-
termined (See Sec. IVC 1) for the reference gauge at
3x10~° Pa.

For pressure increments between 5X107® Pa and
1X 10 ~ © Pa, these data indicate a pressure independent sen-
sitivity ratio for each gauge pair, within an uncertainty of
about + 4%. The larger spread evident in the ratio values
shown in Fig. 4(b) for AP(H, ) greater than about 10~ ¢ Pa
appeared to be the result of some systematic rather than ran-
dom error in the data. For gauges No. 1,7, 9, and 15, the data
yielded sensitivity ratio values which increased with pres-
sure between about 107 and 10~ ¢ Pa and decreased for
higher pressures. For the rest of the gauges, the ratios re-
mained constant up to about 10~ ° Pa and decreased for
larger pressures.

The results shown in Fig. 4(c) were obtained by applying
the ratio analysis used in Fig. 4(b) to the data set used in Fig.
4(a). In Fig. 4(c), the average ratio R for each gauge is the
arithmetic average of ratios of corresponding current
changes (I, — I7)gupge aNd (1, — 1) e, gauge» Obtained for
3% 108 Pa<AP(H,)<3x10~° Pa. It is interesting that
this alternate analysis of the Fig. 4(a) data revealed very
little systematic pressure dependence in the sensitivity ratios
(ratios constant within + 4%) down to AP(H,) about
3% 10~ 8 Pa. According to the argument given in Sec. III D,
this strongly suggests that the pressure dependence seen in
the absolute sensitivity data shown in Fig. 4(a) is only ap-
parent, and in fact is due to real time dependence in the H,
pressure (see question (2) of Sec. IV C 1). The disagree-
ment between the ratio results shown in Fig. 4(b) and Fig.
4(c) for AP> 10~ % Pa is somewhat puzzling. They were
expected to be very nearly the same, because these two fig-
ures were generated by applying the same analysis to two
independently determined sets of collector current measure-
ments. The reason for this disagreement has not yet been
discovered.

The primary objective in this work was to look for pres-
sure dependence in the gauges’ sensitivities at pressures be-
low 10 ~ ¢ Pa. While not a proof, the fact that the ratio analy-
sis, when applied to the absolute sensitivity results shown in
Fig. 4(a), yields the comparatively pressure independent
plot of Fig. 4(c) is considered to be strong evidence that:

(1) all the gauges have a pressure independent H, sensi-
tivity for pressure steps 5X 10 ~* Pa<AP(H,)<1X 10~ >Pa
with respect to the base pressure P° of about 5 10~ 2 Pa H,
and that,

(2) the apparent pressure dependence seen in the absolute
sensitivity results shown in Fig. 4(a) is an artifact principal-
ly due to a discrepancy between the H, pressure step AP as
calculated from the operating parameters of the primary
standard and the actual pressure change in the chamber.

V.CONCLUSIONS

The behavior of the Bayard—Alpert and extractor ioniza-
tion gauges employed in this investigation is consistent with
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a linear response in N, and He (i.e., constant sensitivities
within an uncertainty of about + 4%) over the pressure
range 10 ~7-10 —* Pa. Because of the absence of any clear
pressure dependence in the gauge-to-gauge sensitivity ratio
values, as well as in the absolute sensitivity values, it is con-
cluded that these gauges are in fact linear in their response to
N, and He over this pressure range.

While not conclusive, the absence of any pressure depen-
dence (within an uncertainty of about + 4% ) in the gauge-
to-gauge sensitivity ratio results in H, is strong evidence that
all the tested gauges also are linear in their response to H,
over the pressure range 10~ ’-10 ~ * Pa. The apparent pres-
sure dependence exhibited by all the gauges in their absolute
H, sensitivity is believed to be an artifact resulting from
pumping of H, by the gauges’ hot filaments and associated
production of other species s ch as CO and C,H,.
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